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Abstract

The normalised differential top quark-antiquark production cross section is measured
as a function of the jet multiplicity in proton-proton collisions at a centre-of-mass en-
ergy of 7 TeV at the LHC with the CMS detector. The measurement is performed in
both the dilepton and lepton+jets decay channels using data corresponding to an in-
tegrated luminosity of 5.0 fb−1. Using a procedure to associate jets to decay products
of the top quarks, the differential cross section of the tt production is determined as
a function of the additional jet multiplicity in the lepton+jets channel. Furthermore,
the fraction of events with no additional jets is measured in the dilepton channel,
as a function of the threshold on the jet transverse momentum. The measurements
are compared with predictions from perturbative quantum chromodynamics and no
significant deviations are observed.
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1 Introduction
Precise measurements of the top quark-antiquark (tt) production cross section and top-quark
properties performed at the CERN Large Hadron Collider (LHC) provide crucial information
for testing the predictions of perturbative quantum chromodynamics (QCD) at large energy
scales and in processes with multiparticle final states.

About half of the tt events are expected to be accompanied by additional hard jets that do not
originate from the decay of the tt pair (tt +jets). In this paper, these jets will be referred to as
additional jets. These processes typically arise from either initial- or final-state QCD radiation,
providing an essential handle to test the validity and completeness of higher-order QCD cal-
culations of processes leading to multijet events. Calculations at next-to-leading order (NLO)
are available for tt production in association with one [1] or two [2] additional jets. The cor-
rect description of tt +jets production is important to the overall LHC physics program since it
constitutes an important background to processes with multijet final states, such as associated
Higgs-boson production with a tt pair, with the Higgs boson decaying into a bb pair, or final
states predicted in supersymmetric theories. Anomalous production of additional jets accom-
panying a tt pair could be a sign of new physics beyond the standard model [3].

This paper presents studies of the tt production with additional jets in the final state using
data collected in proton-proton (pp) collisions with centre-of-mass energy

√
s = 7 TeV with the

Compact Muon Solenoid (CMS) detector [4]. The analysis uses data recorded in 2011, corre-
sponding to a total integrated luminosity of 5.0± 0.1 fb−1. For the first time, the tt cross section
is measured differentially as a function of jet multiplicity and characterised both in terms of the
total number of jets in the event, as well as the number of additional jets with respect to the
leading-order hard-interaction final state. Kinematic properties of the additional jets are also
investigated. The results are corrected for detector effects and compared at particle level with
theoretical predictions obtained using different Monte Carlo (MC) event generators.

The differential cross sections as a function of jet multiplicity are measured in both the dilepton
(ee, µµ, and eµ) and `+jets (` = e or µ) channels. For the dilepton channel, data containing two
oppositely-charged leptons and at least two jets in the final state are used, while for the `+jets
channel, data containing a single isolated lepton and at least three jets are used. Following
the analysis strategy applied to the measurement of other tt differential cross sections [5], the
results are normalised to the inclusive cross section measured in situ, eliminating systematic
uncertainties related to the normalisation. Lastly, the fraction of events that do not contain
additional jets (gap fraction), first measured by ATLAS [6], is determined in the dilepton channel
as a function of the threshold on the transverse momentum (pT) of the leading additional jet
and of the scalar sum of the pT of all additional jets.

The measurements are performed in the visible phase space, defined as the kinematic region in
which all selected final-state objects are produced within the detector acceptance. This avoids
additional model uncertainties due to the extrapolation of the measurements into experimen-
tally inaccessible regions of phase space.

The paper is structured as follows. A brief description of the CMS detector is provided in Sect.
2. Section 3 gives a description of the event simulation, followed by details of the object recon-
struction and event selection in Sect. 4. A discussion of the sources of systematic uncertainties
is given in Sect. 5. The measurement of the differential cross section is presented as a function
of the jet multiplicity in Sect. 6 and as a function of the additional jet multiplicity in Sect. 7.
The study of the additional jet gap fraction is described in Sect. 8. Finally, a summary is given
in Sect. 9.
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2 The CMS detector
The central feature of the CMS apparatus is a superconducting solenoid, 13 m in length and
6 m in diameter, which provides an axial magnetic field of 3.8 T. The bore of the solenoid is
outfitted with various particle detection systems. Charged-particle trajectories are measured
with silicon pixel and strip trackers, covering 0 ≤ φ < 2π in azimuth and |η| < 2.5 in pseudo-
rapidity, where η is defined as η = − ln[tan(θ/2)] , with θ being the polar angle of the trajectory
of the particle with respect to the anticlockwise-beam direction. A lead tungstate crystal elec-
tromagnetic calorimeter (ECAL) and a brass/scintillator hadron calorimeter (HCAL) surround
the tracking volume. The calorimetry provides excellent resolution in energy for electrons and
hadrons within |η| < 3.0. Muons are measured up to |η| < 2.4 using gas-ionisation detectors
embedded in the steel flux return yoke outside the solenoid. The detector is nearly hermetic,
providing accurate measurements of any imbalance in momentum in the plane transverse to
the beam direction. The two-level trigger system selects most interesting final states for further
analysis. A detailed description of the CMS detector can be found in Ref. [4].

3 Event simulation
The reference simulated tt sample used in the analysis is generated with the MADGRAPH

(v. 5.1.1.0) matrix element generator [7], with up to three additional partons. The generated
events are subsequently processed using PYTHIA (v. 6.424) [8] to add parton showering using
the MLM prescription [9] for removing the overlap in phase space between the matrix element
and the parton shower approaches. The PYTHIA Z2 tune is used to describe the underlying
event [10]. The top-quark mass is assumed to be mt=172.5 GeV. The proton structure is de-
scribed by the CTEQ6L1 [11] parton distribution functions (PDFs).

The MADGRAPH generator is used to simulate W+jets and Z/γ∗+jets production. Single-top-
quark events (s-, t-, and tW-channels) are simulated using POWHEG (r1380) [12–15]. Diboson
(WW, WZ, and ZZ) and QCD multijet events are simulated using PYTHIA.

Additional tt and W+jets MADGRAPH samples are generated using different choices for the
common factorisation and renormalisation scale (µ2

F = µ2
R = Q2) and for the jet-parton match-

ing threshold. These are used to determine the systematic uncertainties due to model uncer-
tainties and for comparisons with the measured distributions. The nominal Q2 scale is defined
as m2

t + ∑ p2
T(jet). This is varied between 4Q2 and Q2/4. For the reference MADGRAPH sam-

ple, a jet-parton matching threshold of 20 GeV is chosen, while for the up and down variations,
thresholds of 40 and 10 GeV are used, respectively.

In addition to MADGRAPH, samples of tt events are generated with POWHEG and MC@NLO

(v. 3.41) [16]. The CTEQ6M [11] PDF set is used in both cases. Both POWHEG and MC@NLO

match calculations to full NLO accuracy with parton shower MC generators. For POWHEG,
PYTHIA is chosen for hadronisation and parton shower simulation, with the same Z2 tune
utilised for other samples. For MC@NLO, HERWIG (v. 6.520) [17] with the default tune is used.

For comparison with the measured distributions, the event yields in the simulated samples are
normalised to an integrated luminosity of 5.0 fb−1 according to their theoretical cross sections.
These are taken from next-to-next-to-leading-order (NNLO) (W+jets and Z/γ∗+jets), NLO plus
next-to-next-to-leading-log (NNLL) (single-top-quark s- [18], t- [19] and tW-channels [20]),
NLO (diboson [21]), and leading-order (LO) (QCD multijet [8]) calculations. For the simulated
tt sample, the full NNLO+NNLL calculation, performed with the TOP++ 2.0 program [22], is
used. The PDF and αS uncertainties are estimated using the PDF4LHC prescription [23, 24]
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with the MSTW2008nnlo68cl [25], CT10 NNLO [26, 27], and NNPDF2.3 5f FFN [28] PDF sets,
and added in quadrature to the scale uncertainty to obtain a tt production cross section of
177.3+10.1

−10.8 pb (for a top-quark mass value of 172.5 GeV).

All generated samples are passed through a full detector simulation using GEANT4 [29], and
the number of additional pp collisions (pileup) is matched to the real distribution as inferred
from data.

4 Event reconstruction and selection
The event selection is based on the reconstruction of the tt decay products. The top quark
decays almost exclusively into a W boson and a b quark. Only the subsequent decays of one
or both W bosons to a charged lepton and a neutrino are considered here. Candidate events
are required to contain the corresponding reconstructed objects: isolated leptons and jets. The
requirement of the presence of jets associated with b quarks or antiquarks (b jets) is used to
increase the purity of the selected sample. The selection has been optimised independently in
each channel to maximise the signal content and background rejection.

4.1 Lepton, jet, and missing transverse energy reconstruction

Events are reconstructed using a particle-flow (PF) technique [30, 31], in which signals from all
CMS sub-detectors are combined to identify and reconstruct the individual particle candidates
produced in the pp collision. The reconstructed particles include muons, electrons, photons,
charged hadrons, and neutral hadrons. Charged particles are required to originate from the
primary collision vertex, defined as the vertex with the highest sum of transverse momenta
of all reconstructed tracks associated to it. Therefore, charged hadron candidates from pileup
events, i.e. originating from a vertex other than the one of the hard interaction, are removed
before jet clustering on an event-by-event basis. Subsequently, the remaining neutral-hadron
pileup component is subtracted at the level of jet energy correction [32].

Electron candidates are reconstructed from a combination of their track and energy deposition
in the ECAL [33]. In the dilepton channel, they are required to have a transverse momentum
pT > 20 GeV, while in the `+jets channel they are required to have pT > 30 GeV. In both cases
they are required to be reconstructed within |η| < 2.4, and electrons from identified photon
conversions are rejected. As an additional quality criterion, a relative isolation variable Irel is
computed. This is defined as the sum of the pT of all neutral and charged reconstructed PF
candidates inside a cone around the lepton (excluding the lepton itself) in the η-φ plane with
radius ∆R ≡

√
(∆η)2 + (∆φ)2 < 0.3, divided by the pT of the lepton. In the dilepton (e+jets)

channel, electrons are selected as isolated if Irel < 0.12 (0.10).

Muon candidates are reconstructed from tracks that can be matched between the silicon tracker
and the muon system [34]. They are required to have a transverse momentum pT > 20 GeV
within the pseudorapidity interval |η| < 2.4 in the dilepton channel, and to have pT > 30 GeV
and |η| < 2.1 in the `+jets channel. Isolated muon candidates are selected by demanding a
relative isolation of Irel < 0.20 (0.125) in the dilepton (µ+jets) channel.

Jets are reconstructed by clustering the particle-flow candidates [35] using the anti-kT algorithm
with a distance parameter of 0.5 [36, 37]. An offset correction is applied to take into account the
extra energy clustered in jets due to pileup, using the FastJet algorithm [38] based on average
pileup energy density in the event. The raw jet energies are corrected to establish a relative
uniform response of the calorimeter in η and a calibrated absolute response in pT. Jet energy
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corrections are derived from the simulation, and are confirmed with in situ measurements with
the energy balance of dijet and photon+jet events [35]. Jets are selected within |η| < 2.4 and
with pT > 30 (35)GeV in the dilepton (`+jets) channel.

Jets originating from b quarks or antiquarks are identified with the Combined Secondary Ver-
tex algorithm [39], which provides a b-tagging discriminant by combining secondary vertices
and track-based lifetime information. The chosen working point used in the dilepton chan-
nel corresponds to an efficiency for tagging a b jet of about 80–85%, while the probability to
misidentify light-flavour or gluon jets as b jets (mistag rate) is around 10%. In the `+jets chan-
nel, a tighter requirement is applied, corresponding to a b-tagging efficiency of about 65–70%
with a mistag rate of 1%. The probability to misidentify a c jet as b jet is about 40% and 20% for
the working points used in the dilepton and `+jets channels respectively [39].

The missing transverse energy (Emiss
T ) is defined as the magnitude of the sum of the momenta

of all reconstructed PF candidates in the plane transverse to the beams.

4.2 Event selection

Dilepton events are collected using combinations of triggers which require two leptons fulfill-
ing pT During reconstruction events are selected if they contain at least two isolated leptons
(electrons or muons) of opposite charge and at least two jets, of which at least one is identified
as a b jet. Events with a lepton pair invariant mass smaller than 12 GeV are removed in order to
suppress events from heavy-flavour resonance decays. In the ee and µµ channels, the dilepton
invariant mass is required to be outside a Z-boson mass window of 91± 15 GeV (Z-boson veto),
and Emiss

T is required to be larger than 30 GeV.

A kinematic reconstruction method [5] is used to determine the kinematic properties of the tt
pair and to identify the two b jets originating from the decay of the top quark and antiquark.
In the kinematic reconstruction the following constraints are imposed: the Emiss

T originated
entirely from the two neutrinos; the reconstructed W-boson invariant mass of 80.4 GeV [40] and
the equality of the reconstructed top quark and antiquark masses. The remaining ambiguities
are resolved by prioritising those event solutions with two or one b-tagged jets over solutions
using untagged jets. Finally, among the physical solutions, the solutions are ranked according
to how the neutrino energies match with a simulated neutrino energy spectrum and the highest
ranked one is chosen. The kinematic reconstruction yields no valid solution for about 11% of
the events. These are excluded from further analysis. A possible bias due to rejected solutions
has been studied and found to be negligible.

In the e+jets channel, events are triggered by an isolated electron with pT > 25 GeV and at
least three jets with pT > 30 GeV. Events in the µ+jets channel are triggered by the presence
of an isolated muon with pT > 24 GeV fulfilling η requirements. Only triggered events that
have exactly one high-pT isolated lepton are retained in the analysis. In the e+jets channel,
events are rejected if any additional electron is found with pT > 20 GeV, |η| < 2.5, and relative
isolation Irel < 0.20. In the µ+jets channel, events are rejected if any electron candidate with
pT > 15 GeV, |η| < 2.5 and Irel < 0.20 is reconstructed. In both `+jets channels events with
additional muons with pT > 10 GeV, |η| < 2.5, and relative isolation Irel < 0.20 are rejected.
The presence of at least three reconstructed jets is required. At least two of them are required
to be b-tagged.

Only tt events from the decay channel under study are considered as signal. All other tt events
are considered as background, including those containing leptons from τ decays, which are the
dominant contribution to this background.
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4.3 Background estimation

After the full event selection is applied, the dominant backgrounds in the ee and µµ chan-
nels arise from Z/γ∗+jets production, while in the eµ channel they come from other tt decay
channels. The background normalisation is derived from data using the events rejected by
the Z-boson veto, scaled by the ratio of events failing and passing this selection estimated in
simulation (Rout/in) [41]. The number of Z/γ∗+jets → ee/µµ events near the Z-boson peak,
Nin

Z/γ∗ , is given by the number of all events failing the Z-boson veto, Nin, after subtracting the
contamination from non-Z/γ∗+jets processes. This contribution is extracted from eµ events
passing the same selection, Nin

eµ, and corrected for the differences between the electron and
muon identification efficiencies using a correction factor k. The Z/γ∗+jets contribution is thus
given by

Nout = Rout/inNin
Z/γ∗ = Rout/in(Nin − 0.5kNin

eµ) (1)

The factor k is estimated from k2 = Neµ/Nee (Neµ/Nµµ) for the Z/γ∗ → e+e− (µ+µ−)+jets
contribution, respectively. Here Nee (Nµµ) is the number of ee (µµ) events in the Z-boson region,
without the requirement on Emiss

T . The remaining backgrounds, including single-top-quark,
W+jets, diboson, and QCD multijet events are estimated from simulation.

In the `+jets channel, the main background contributions arise from W+jets and QCD multi-
jet events, which are greatly suppressed by the b-tagging requirement. A procedure based on
control samples in data is used to extract the QCD multijet background. The leptons in QCD
multijet events are expected to be less isolated than leptons from other processes. Thus, in-
verting the selection on the lepton relative isolation provides a relatively pure sample of QCD
multijet events in data. Events passing the standard event selection but with an Irel between
0.3 and 1.0, and with at least one b-tagged jet are selected. The sample is divided in two: the
sideband region (one b jet) and the signal region (≥2 b jets). The shape of the QCD multijet
background is taken from the signal region, and the normalisation is determined from the side-
band region. In the sideband region, the Emiss

T distribution of the QCD multijet model, other
sources of background (determined from simulation), and the tt signal are fitted to data. The
resulting scaling of QCD multijet background is applied to the QCD multijet shape from the
signal region.

Since the initial state of LHC collision is enriched in up quarks with respect to down quarks,
more W bosons are produced with positive charge than negative charge. In leptonic W-boson
decays, this translates into a lepton charge asymmetry A. Therefore, a difference between the
number of events with a positively charged lepton and those with a negatively charged lepton
(∆±) is observed. In data, this quantity (∆±data) is proportional to the number of W+jets events
when assuming that only the charge asymmetry from W-boson production is significant. The
charge asymmetry has been measured by CMS [42] and found to be well described by the
simulation, thus the simulated value can be used to extract the number of W+jets events from
data: Ndata

W+jets = ∆ ±data /A. The correction factor on the W+jets normalisation, calculated
before any b-tagging requirement, is between 0.81 and 0.92 depending on the W decay channel
and the jet selection. Subsequently, b-tagging is applied to obtain the number of W+jets events
in the signal region.

In addition, a heavy-flavour correction must be applied on the W+jets sample to account for
the differences observed between data and simulation [43]. Using the matching between se-
lected jets and generated partons, simulated events are classified as containing at least one
b jet (W+bX), at least one c jet and no b jets (W+cX), or containing neither b jets nor c jets
(W+light quarks). The rate of W+bX events is multiplied by 2± 1 and the rate of W+cX events
is multiplied by 1+1.0

−0.5. No correction is applied to W+light-jets events. These correction fac-
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tors are calculated in [43] in a phase space which is close to the one used in the analysis. The
uncertainties in the correction factors are taken into account as systematic uncertainties. The
total number of W+jets events is modified to conserve this number when applying the heavy-
flavour corrections. The remaining backgrounds, originating from single-top-quark, diboson,
and Z/γ∗+jets processes, are small and their contributions are estimated using simulation.

The multiplicity and the pT distributions of the selected reconstructed jets are shown for the
dilepton and `+jets channels in Fig. 1. Good agreement for the jet multiplicity is observed
between data and simulation for up to 5 (6) jets in the dilepton (`+jets) channels. For higher
jet multiplicities, the simulation predicts slightly more events than observed in data. The mod-
elling of the jet pT spectrum in data is shifted towards smaller values, covered by the systematic
uncertainties. The uncertainty from all systematic sources, which are described in Sect. 5, is de-
termined by estimating their effect on both the normalisation and the shape. The size of these
global uncertainties does not reflect those in the final measurements, since they are normalised
and, therefore, only affected by shape uncertainties.

5 Systematic uncertainties
Systematic uncertainties in the measurement arise from detector effects, background mod-
elling, and theoretical assumptions. Each systematic uncertainty is investigated separately and
estimated for each bin of the measurement by varying the corresponding efficiency, resolu-
tion, or scale within its uncertainty. For each variation, the measured normalised differential
cross section is recalculated, and the difference between the varied result and the nominal re-
sult in each bin is taken as systematic uncertainty. The overall uncertainty in the measurement
is obtained by adding all contributions in quadrature. The sources of systematic uncertainty,
described below, are assumed to be uncorrelated.

• Jet energy The impact of the jet energy scale (JES) [35] is determined by varying the
pT of all jets by the JES uncertainty, which is typically below 3%. The uncertainty
due to the jet energy resolution (JER) [44] is estimated by varying the nominal value
by ±1σ.

• Signal model uncertainties Uncertainties originating from theoretical assumptions
on the renormalisation and factorisation scales, the jet-parton matching threshold,
the hadronisation model, and the colour reconnection modelling [45], are deter-
mined by repeating the analysis, replacing the reference MADGRAPH signal sim-
ulation by other simulation samples. In particular, the impact of the former sources
is assessed with MADGRAPH samples with the renormalisation and factorisation
scales simultaneously varied from the nominal Q2 values to 4Q2 and Q2/4 and with
jet-parton matching threshold varied to 40 and 10 GeV. The uncertainties from am-
biguities in modeling colour reconnection effects are estimated by comparing simu-
lations of an underlying event tune including colour reconnection to a tune without
it (the Perugia 2011 and Perugia 2011 noCR tunes described in [46]). The uncertainty
arising from the PDFs is assessed by reweighting the tt signal sample according to
the 44 CTEQ66 error PDF sets, at 90% confidence level. The effects of these variations
are added in quadrature.

• Background The uncertainty due to the normalisation of the backgrounds that are
taken from simulation is determined by varying the cross section by ±30% [47, 48].
This takes into account the uncertainty in the predicted cross section and all other
sources of systematic uncertainty.
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Figure 1: Number of reconstructed jets (left) and jet pT spectrum (right) after event selection
in the dilepton channel for jets with pT > 30 GeV (top), and in the `+jets channel for jets with
pT > 35 GeV (bottom). The hatched band represents the combined effect of all sources of
systematic uncertainty.

In the dilepton channels, the contribution from Z/γ∗+jets processes as determined
from data is varied in normalisation by ±30% [41].

In the `+jets channels, the uncertainty in the W+jets background arises from the con-
tamination of other processes with a lepton charge asymmetry when extracting the
rate from data, and from the uncertainty in the heavy-flavour correction factors. The
rate uncertainty is estimated to range from 10% to 20%, depending on the channel.
The model uncertainty is estimated using samples with varied renormalisation and
factorisation scales and jet-parton matching threshold.

The QCD multijet background modelling uncertainty arises from the choice of the
relative isolation requirement on the anti-isolated lepton used for the extraction of
the background from data, the influence of the contamination from other processes
on the shape, and the extrapolation from the sideband to the signal region. The total
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uncertainty is about 15% to more than 100%, depending on the channel.

• Other systematic uncertainties The uncertainty associated with the pileup model
is determined by varying the minimum bias cross section within its uncertainty of
±8%. Other uncertainties taken into account originate from lepton trigger, isolation,
and identification efficiencies; b-jet tagging efficiency and misidentification proba-
bility; integrated luminosity [49]; and the kinematic reconstruction algorithm used
in the dilepton channels.

In the dilepton channels, the total systematic uncertainty is about 3% at low jet multiplicities,
and increases to about 20% in the bins with at least five jets. In the `+jets channels, the total
systematic uncertainty is about 6% at the lowest jet multiplicity, and increases to 34% for events
with at least 8 jets.

The dominant systematic uncertainties for both dilepton and `+jets channels arise from the
JES (with typical values from 2 to 20%, depending on the jet multiplicity bin and cross section
measurement) and the signal model including hadronisation, renormalisation and factorisation
scales and jet-parton matching threshold (from 3 to 30%). The typical systematic uncertainty
due to JER ranges from 0.2 to 3%, b-tagging from 0.3 to 2%, pileup from 0.1 to 1.4%, and back-
ground normalisation from 1.6 to 3.8%. The uncertainty from other sources is below 0.5%.
The remaining uncertainties on the model arise from PDF and colour reconnection, varying
from 0.1 to 1.5% and from 1 to 5.8%, respectively. In all channels, the systematic uncertainty
for larger jet multiplicities is dominated by the statistical uncertainty of the simulated samples
that are used for the evaluation of modelling uncertainties.

6 Normalised differential cross section as a function of jet multi-
plicity

The differential tt production cross section as a function of the jet multiplicity is measured from
the number of signal events after background subtraction and correction for the detector ef-
ficiencies and acceptances. The normalised differential cross section is derived by scaling to
the total integrated luminosity and by dividing the corrected number of events by the cross
section measured in situ for the same phase space. Because of the normalisation, those sys-
tematic uncertainties that are correlated across all bins of the measurement, and therefore only
affect the normalisation, cancel out. In order to avoid additional uncertainties due to the ex-
trapolation of the measurement outside of the phase space region probed experimentally, the
differential cross section is determined in a visible phase space defined at the particle level by
the kinematic and geometrical acceptance of the final-state leptons and jets. The visible phase
space at particle level is defined in simulation as follows. The charged leptons from the tt de-
cay are selected with |η| < 2.4 in dilepton events and |η| < 2.5 (2.1) in e+jets (µ+jets) final
states, pT > 20 (30)GeV in dilepton (`+jets) channels. The two b jets from the tt decay have to
fulfill the kinematic requirements |η| < 2.4 and pT > 30 (35) GeV in dilepton (`+jets) events.
In the `+jets channels, a third jet with the same properties is also required. A jet is defined at
the particle level in a similar way as described in Sect. 4 for the reconstructed jets, by apply-
ing the anti-kT clustering algorithm to all stable particles (including neutrinos not coming from
the hard interaction). Particle-level jets are rejected if the selected leptons are within a cone of
∆R = 0.4 with respect to the jet, to avoid counting leptons misidentified as jets. A jet is defined
as a b jet if it contains the decay products of a b hadron.

Effects from trigger and detector efficiencies and resolutions, leading to migrations of events
across bin boundaries and statistical correlations among neighbouring bins, are corrected by
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using a regularised unfolding method [5, 50, 51]. A response matrix that accounts for migra-
tions and efficiencies is calculated from simulated tt events using the reference MADGRAPH

sample. The event migration in each bin is controlled by the purity (number of events recon-
structed and generated in one bin divided by the total number of reconstructed events in that
bin) and the stability (number of events reconstructed and generated in one bin divided by the
total number of generated events in that bin). In these measurements, the purity and stability
in the bins is typically 60% or higher. The generalised inverse of the response matrix is used to
obtain the unfolded distribution from the measured distribution by applying a χ2 technique.
To avoid non-physical fluctuations, a smoothing prescription (regularisation) is applied [5, 52].
The unfolded data are subsequently corrected to take into account the acceptance in the particle
level phase space.

The measured normalised differential cross sections are consistent among the different dilep-
ton and `+jets channels. The final result is then obtained by combining the measurement per-
formed in each individual channel for dilepton and `+jets using the average weighted by the
statistical uncertainty.

The normalised differential tt production cross section, 1/σ dσ/dNjets, as a function of the jet
multiplicity, Njets, is shown in Tables 1 and 2, and Fig. 2 for the dilepton channel and jets
with pT > 30 (60)GeV. For the `+jets channel it is shown in Table 3 and Fig. 3 for jets with
pT > 35 GeV. In the tables, the experimental uncertainties are divided between the dominant
(JES) and other (JER, b-tagging, pileup, lepton identification, isolation, and trigger efficiencies,
background contribution and integrated luminosity) contributions. The model uncertainties
are also divided between the dominant (renormalisation and factorisation scales, jet-parton
matching threshold, and hadronisation) and other (PDF and colour reconnection) contribu-
tions. The measurements are compared to the predictions from MADGRAPH and POWHEG,
both interfaced with PYTHIA, and from MC@NLO interfaced with HERWIG.

The predictions from MADGRAPH+PYTHIA and POWHEG+PYTHIA are found to provide a rea-
sonable description of the data. In contrast, MC@NLO+HERWIG generates fewer events in bins
with large jet multiplicities. The effect of the variation of the renormalisation and factorisation
scales and jet-parton matching threshold in MADGRAPH+PYTHIA is compared with the refer-
ence MADGRAPH+PYTHIA simulation. The choice of lower values for both these parameters
seems to provide a worse description of the data for higher jet multiplicities.

Table 1: Normalised differential tt production cross section as a function of the jet multiplicity
for jets with pT > 30 GeV in the dilepton channel. The statistical, systematic, and total uncer-
tainties are also shown. The main experimental and model systematic uncertainties are dis-
played: JES and the combination of renormalisation and factorisation scales, jet-parton match-
ing threshold, and hadronisation (in the table “Q2/Match./Had.”).

Njets 1/σ dσ/dNjets Stat. (%) Exp. Syst. (%) Model Syst. (%) Total (%)
JES Other Q2/Match./Had. Other

2 0.600 1.2 1.4 0.6 0.5 1.6 2.5
3 0.273 3.3 2.3 2.8 5.4 1.6 7.2
4 0.096 5.1 6.3 3.4 2.8 1.6 9.3
5 0.025 10.1 7.9 3.0 17.4 1.9 24.0
≥6 0.0013 23.8 14.2 2.8 24.3 2.1 37.1
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Table 2: Normalised differential tt production cross section as a function of the jet multiplicity
for jets with pT > 60 GeV in the dilepton channel. The statistical, systematic, and total uncer-
tainties are also shown. The main experimental and model systematic uncertainties are dis-
played: JES and the combination of renormalisation and factorisation scales, jet-parton match-
ing threshold, and hadronisation (in the table “Q2/Match./Had.”).

Njets 1/σ dσ/dNjets Stat. (%) Exp. Syst. (%) Model Syst. (%) Total (%)
JES Other Q2/Match./Had. Other

0 0.158 3.4 7.0 5.7 2.7 1.6 10.1
1 0.397 4.0 4.9 2.0 3.3 1.9 7.6
2 0.350 2.6 3.2 3.3 3.5 1.7 6.6
3 0.079 5.2 3.4 3.0 5.8 1.6 9.2
4 0.0127 13.9 5.4 3.5 15.8 1.7 22.1
5 0.0020 30.9 4.8 3.6 15.5 1.6 35.1
≥6 0.00012 57.1 4.7 16.7 38.7 2.9 69.4

Table 3: Normalised differential tt production cross section as a function of the jet multiplicity
for jets with pT > 35 GeV in the `+jets channel. The statistical, systematic, and total uncer-
tainties are also shown. The main experimental and model systematic uncertainties are dis-
played: JES and the combination of renormalisation and factorisation scales, jet-parton match-
ing threshold, and hadronisation (in the table “Q2/Match./Had.”).

Njets 1/σ dσ/dNjets Stat. (%) Exp. Syst. (%) Model Syst. (%) Total (%)
JES Other Q2/Match./Had. Other

3 0.453 0.9 3.8 2.2 3.8 1.3 6.1
4 0.372 1.2 1.8 1.8 3.2 1.4 4.5
5 0.130 2.7 5.6 2.0 7.5 1.8 10.2
6 0.0353 5.3 6.7 2.4 14.2 2.5 17.0
7 0.00841 10.5 10.7 3.3 19.1 4.3 24.9
≥8 0.00130 26.4 17.7 5.1 28.6 3.4 43.2
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Figure 2: Normalised differential tt production cross section as a function of the jet multiplicity
for jets with pT > 30 GeV (top) and pT > 60 GeV (bottom) in the dilepton channel. The mea-
surements are compared to predictions from MADGRAPH+PYTHIA, POWHEG+PYTHIA, and
MC@NLO+HERWIG (left), as well as from MADGRAPH with varied renormalisation and factori-
sation scales, and jet-parton matching threshold (right). The inner (outer) error bars indicate
the statistical (combined statistical and systematic) uncertainty.

7 Normalised differential cross section as a function of the addi-
tional jet multiplicity

The normalised differential tt production cross section is also determined as a function of the
number of additional jets accompanying the tt decays in the `+jets channel. This approach is
complementary to the measurement presented in Sect. 6, as it allows to classify the tt events
depending on the number of jets radiated additionally.

For this measurement, the event selection follows the prescription discussed in Sect. 4, and
requires at least four jets with pT > 30 GeV and |η| < 2.4. The particle-level jets, defined as
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Figure 3: Normalised differential tt production cross section as a function of jet multiplicity for
jets with pT > 35 GeV in the `+jets channel. The measurement is compared to predictions from
MADGRAPH+PYTHIA, POWHEG+PYTHIA, and MC@NLO+HERWIG (left), as well as from MAD-
GRAPH with varied renormalisation and factorisation scales, and jet-parton matching threshold
(right). The inner (outer) error bars indicate the statistical (combined statistical and systematic)
uncertainty.

described in Sect. 6 but with pT > 30 GeV, are counted as additional jets if their distance to
the tt decay products is larger than ∆R = 0.5. The simulated tt events are classified into three
categories according to the number of additional jets: tt + 0, tt +1, and tt +≥2 additional jets,
based on the particle-level information. Figure 4 illustrates the contributions of tt events with
0, 1, and ≥2 additional jets to the number of reconstructed jets in the simulation.
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 + 0 add. Jetstt
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 = 7 TeVsCMS Simulation at  

Figure 4: Jet multiplicity distribution in simulated tt events in the `+jets channel. The splitting
into three categories, defined by the compatibility of the selected particle level jets with the tt
decay partons is also shown (cf. Sect. 7).

A full event reconstruction of the tt system is performed in order to create a variable sensitive to
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additional jets, taking into account all possible jet permutations. The most likely permutation
is determined using a χ2 minimisation, where the χ2 is given by:

χ2 =

(
mrec

Whad −mtrue
Whad

σWhad

)2

+

(
mrec

thad −mtrue
thad

σthad

)2

+

(
mrec

tlep −mtrue
tlep

σtlep

)2

,

where mrec
thad and mrec

tlep are the reconstructed invariant masses of the hadronically and the lepton-
ically decaying top quark, respectively, and mWhad is the reconstructed invariant mass of the W
boson from the hadronic top-quark decay. The parameters mtrue and σthad , σtlep , and σWhad are
the mean value and standard deviations of the reconstructed mass distributions in the tt simu-
lation. In each event, all jet permutations in which only b-tagged jets are assigned to b quarks
are considered. The permutation with the smallest χ2 value is chosen as the best hypothesis.
For events containing the same number of reconstructed jets (Njets) the variable

√
χ2 provides

good discrimination between events classified as tt + 0, 1, and ≥2 additional jets. The discrim-
ination power is due to the sensitivity of the event reconstruction to the relation between Njets
and the number of additional jets Nadd. jets. The best event reconstruction, thus providing a
smaller

√
χ2, is achieved if the observation is close to Njets = 4 + Nadd. jets, where four is the

expected number of jets from the tt decay partons. For instance, a tt + 1 additional jet event
with Njets = 4 is likely to get a large

√
χ2 value because one of the four jets from the tt decay

partons is missing for a correct event reconstruction.

The measurement of the fractions of tt events with 0, 1, and ≥2 additional jets is performed
using a binned maximum-likelihood fit of the

√
χ2 templates to data, simultaneously in both

`+jets channels. The normalisations of the signal templates (tt + 0, 1, and ≥2 additional jets)
are free parameters in the fit. For the normalisations of the background processes, Gaussian
constraints corresponding to the uncertainties of the background predictions are applied. It
has been verified that the use of log-normal constraints give similar results. The result of the fit
is shown in Fig. 5. The QCD multijet and W+jets templates are estimated using the data-based
methods described in Sect. 4.

The normalisations for the three signal templates are applied to the predicted differential cross
section in the visible phase space, calculated using the simulated tt sample from
MADGRAPH+PYTHIA. This phase space is defined as in Sect. 6 with the requirement of four
particle level jets with pT > 30 GeV. This provides the differential cross section as a function of
the number of additional jets, which is finally normalised to the total cross section measured in
the same phase space. The results are shown in Fig. 6 and summarised in Table 4.

For each tt + additional jet template used in the maximum-likelihood fit, a full correlation is
assumed between the rate of events that fulfill the particle-level selection and the rate of events
that do not. Therefore, a single template is used for both parts.

Including an additional template made from events that are not inside the visible phase space
leads to fit results that are compatible within the estimated uncertainties. To check the model
dependency, the fit is repeated using simulated data from MC@NLO+HERWIG and POWHEG+PYTHIA

instead of MADGRAPH+PYTHIA. The results are stable within the uncertainties.

The sources of systematic uncertainties are the same as those discussed in Sect. 5, except for
the background normalisations, which are constrained in the fit. Their effect is propagated to
the fit uncertainty, which is quoted as the statistical uncertainty. The impact of the systematic
uncertainties on the extracted fractions of tt + 0, 1, and ≥2 additional jets is evaluated using
pseudo-experiments. The most important contributions to the systematic uncertainties orig-
inate from JES (up to 7%) and modelling uncertainties: hadronisation (up to 6%), jet-parton
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Figure 5: Result of the simultaneous template fit to the
√

χ2 distribution in the `+jets channel.
All templates are scaled to the resulting fit parameters.
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Figure 6: Normalised differential tt production cross section as a function of the number
of additional jets in the `+jets channel. The measurement is compared to predictions from
MADGRAPH+PYTHIA, POWHEG+PYTHIA, and MC@NLO+HERWIG (left), as well as from MAD-
GRAPH with varied renormalisation and factorisation scales, and jet-parton matching threshold
(right). The inner (outer) error bars indicate the statistical (combined statistical and systematic)
uncertainty.

matching threshold (up to 5%), and renormalisation and factorisation scales (up to 4%).

The MC@NLO+HERWIG prediction produces fewer events with ≥2 additional jets than data,
which are well described by MADGRAPH+PYTHIA and POWHEG+PYTHIA. The prediction from
MADGRAPH+PYTHIA with lower renormalisation and factorisation scales provides a worse
description of the data. These observations are in agreement with those presented in Sect. 6.
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Table 4: Normalised differential tt production cross section as a function of the number of
additional jets with pT > 30 GeV in the `+jets channel. The statistical uncertainties are be-
low 2%. The total uncertainties include the statistical and systematic uncertainties. The main
experimental and model systematic uncertainties are displayed: JES and the combination of
renormalisation and factorisation scales, jet-parton matching threshold, and hadronisation (in
the table “Q2/Match./Had.”)

Njets 1/σ dσ/dNadd. jets Exp. Syst. (%) Model Syst. (%) Total (%)
JES Other Q2/Match./Had. Other

tt + 0 add. Jets 0.332 4.2 1.4 7.5 1.6 9.0
tt + 1 add. Jet 0.436 0.9 1.0 9.5 1.3 9.8

tt + ≥2 add. Jets 0.232 7.2 1.5 9.6 2.6 12.5

8 Additional jet gap fraction
An alternative way to investigate the jet activity arising from quark and gluon radiation pro-
duced in association with the tt system is to determine the fraction of events that do not con-
tain additional jets above a given threshold. This measurement is performed using events in
the dilepton decay channel after fulfilling the event reconstruction and selection requirements
discussed in Sect. 4. The additional jets are defined as those not assigned to the tt system by
the kinematic reconstruction described in Sect. 4.2.

A threshold observable, referred to as gap fraction [6], is defined as:

f (pT) =
N(pT)

Ntotal
, (2)

where Ntotal is the number of selected events and N(pT) is the number of events that do not
contain additional jets above a pT threshold in the whole pseudorapidity range used in the anal-
ysis (|η| < 2.4). The pseudorapidity and pT distributions of the first and second leading (in pT)
additional reconstructed jets are presented in Fig. 7. The distributions show good agreement
between data and the simulation.

The veto can be extended beyond the additional leading jet criteria by defining the gap fraction
as

f (HT) =
N(HT)

Ntotal
, (3)

where N(HT) is the number of events in which HT, the scalar sum of the pT of the additional
jets (with pT > 30 GeV), is less than a certain threshold.

For each value of pT and HT thresholds, the gap fraction is evaluated at particle level in the
visible phase space defined in Sect. 6. The additional jets at particle level are defined as all jets
within the kinematic acceptance not including the two highest-pT b jets containing the decay
products of different b hadrons. They are required to fulfill the condition that they are not
within a cone of ∆R = 0.4 from any of the two isolated leptons, as described in Sect. 6.

Given the large purity of the selected events for any value of pT and HT, a correction for detector
effects is applied following a simpler approach than the unfolding method used in Sect. 6. Here,
the ratio of the particle-level to the simulated gap fraction distributions, obtained with the tt
sample from MADGRAPH, provides the correction which is applied to the data.

The measured gap-fraction distribution is compared to predictions from MADGRAPH+PYTHIA,
POWHEG+PYTHIA, and MC@NLO+HERWIG, and to the predictions from the MADGRAPH sam-
ples with varied renormalisation and factorisation scales and jet-parton matching threshold. In
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Figure 7: Distribution of the η (left) and the pT (right) of the first (top) and second (bottom) lead-
ing additional reconstructed jets compared to signal and background simulated samples. The
error bars on the data points indicate the statistical uncertainty. The hatched band represents
the combined effect of all sources of systematic uncertainty.

Fig. 8 the gap fraction is measured as a function of the pT of the leading additional jet (left)
and as a function of HT (right), with the thresholds (defined at the abscissa where the data
point is shown) varied between 35 and 380 GeV. The results are summarised in Table 5 and
Table 6, respectively. The measurements are consistent among the three dilepton channels. The
gap fraction is lower as a function of HT showing that the measurement is probing quark and
gluon emission beyond the first emission. The gap fraction is better described by MC@NLO

+HERWIG compared to MADGRAPH+PYTHIA and POWHEG+PYTHIA. This result is not incom-
patible with the observation described above, because the gap fraction requires the jets to have
a certain pT above the threshold, which does not imply necessarily large jet multiplicities. De-
creasing the renormalisation and factorisation scales or matching threshold in the MADGRAPH

sample worsens the agreement between data and simulation.

The total systematic uncertainty is about 3.5% for values of the threshold (pT or HT) below
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Table 5: Measured gap fraction as a function of the additional jet pT. The statistical, systematic,
and total uncertainties are also shown.

pT Threshold (GeV) Result Stat. (%) Syst. (%) Total (%)
35 0.64 1.7 3.5 3.9
45 0.70 1.4 2.6 3.0
55 0.74 1.3 2.4 2.7
65 0.77 1.2 2.0 2.3
75 0.80 1.1 1.6 2.0
85 0.82 1.0 1.4 1.8
95 0.84 1.0 1.4 1.7

110 0.87 0.9 1.1 1.4
130 0.89 0.8 0.8 1.1
150 0.92 0.7 0.8 1.1
170 0.93 0.6 0.6 0.8
190 0.95 0.6 0.5 0.7
210 0.96 0.5 0.5 0.7
230 0.96 0.4 0.5 0.6
250 0.97 0.4 0.4 0.6
270 0.98 0.4 0.4 0.5
300 0.98 0.3 0.3 0.5
340 0.99 0.3 0.3 0.4
380 0.99 0.2 0.2 0.3

Table 6: Measured gap fraction as a function of HT = ∑ padd. jets
T . The statistical, systematic, and

total uncertainties are also shown.

HT Threshold (GeV) Result Stat. (%) Syst. (%) Total (%)
35 0.64 1.6 3.6 3.9
45 0.71 1.4 2.3 2.6
55 0.77 1.2 1.9 2.3
65 0.81 1.1 1.4 1.8
75 0.84 1.0 1.2 1.5
85 0.87 0.9 1.1 1.4
95 0.89 0.8 1.0 1.3

110 0.91 0.7 0.8 1.1
130 0.93 0.6 0.6 0.8
150 0.95 0.5 0.6 0.8
170 0.96 0.4 0.5 0.7
190 0.97 0.4 0.4 0.6
210 0.98 0.3 0.4 0.5
230 0.98 0.3 0.3 0.4
250 0.99 0.3 0.2 0.3
270 0.99 0.2 0.2 0.3
300 0.99 0.2 0.2 0.3
340 1.00 0.2 0.2 0.2
380 1.00 0.1 0.1 0.2
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Figure 8: Measured gap fraction as a function of the additional jet pT (left) and of HT =

∑ padd. jets
T (right) in the dilepton channels. Data are compared to predictions from MAD-

GRAPH+PYTHIA, POWHEG+PYTHIA, and MC@NLO+HERWIG (top), as well as from MAD-
GRAPH with varied renormalisation and factorisation scales, and jet-parton matching threshold
(bottom). The error bars on the data points indicate the statistical uncertainty. The shaded band
corresponds to the combined statistical and total systematic uncertainty (added in quadrature).

40 GeV, and decreases to 0.2% for values of the thresholds above 200 GeV. Dominant sources
of systematic uncertainty arise from the uncertainty in the JES and the background contamina-
tion, corresponding to approximately 2% and 1% systematic uncertainty, respectively, for the
smallest pT and HT values. Other sources with smaller impact on the total uncertainty are the
b-tagging efficiency, JER, pileup, and the procedure used to correct the data to particle level.

9 Summary
Measurements of the normalised differential tt production cross section as a function of the
number of jets in the dilepton (ee, µµ, and eµ) and `+jets (e+jets, µ+jets) channels are presented.
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The measurements are performed using a data sample corresponding to an integrated luminos-
ity of 5.0 fb−1 collected in pp collisions at

√
s = 7 TeV with the CMS detector. The results are

presented in the visible phase space and compared with predictions of perturbative quantum
chromodynamics from MADGRAPH and POWHEG interfaced with PYTHIA, and MC@NLO in-
terfaced with HERWIG, as well as MADGRAPH with varied renormalisation and factorisation
scales, and jet-parton matching threshold. The normalised differential tt production cross sec-
tion is also measured as a function of the jets radiated in addition to the tt decay products in the
`+jets channel. The MADGRAPH+PYTHIA and POWHEG+PYTHIA predictions describe the data
well up to high jet multiplicities, while MC@NLO+HERWIG predicts fewer events with large
number of jets. The gap fraction is measured in dilepton events as a function of the pT of the
leading additional jet and the scalar sum of the pT of the additional jets, and is also compared
to different theoretical predictions. No significant deviations are observed between data and
simulation. The MC@NLO+HERWIG model seems to more accurately describe the gap fraction
for all values of the thresholds compared to MADGRAPH+PYTHIA and POWHEG+PYTHIA.
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C. Hartl, N. Hörmann, J. Hrubec, M. Jeitler1, W. Kiesenhofer, V. Knünz, M. Krammer1,
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J. Leonard, K. Lipka, W. Lohmann18, B. Lutz, R. Mankel, I. Marfin, I.-A. Melzer-Pellmann,
A.B. Meyer, J. Mnich, A. Mussgiller, S. Naumann-Emme, O. Novgorodova, F. Nowak,
E. Ntomari, H. Perrey, A. Petrukhin, D. Pitzl, R. Placakyte, A. Raspereza, P.M. Ribeiro Cipriano,
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INFN Sezione di Pisa a, Università di Pisa b, Scuola Normale Superiore di Pisa c, Pisa, Italy
K. Androsova,30, P. Azzurria, G. Bagliesia, J. Bernardinia, T. Boccalia, G. Broccoloa,c, R. Castaldia,
M.A. Cioccia ,30, R. Dell’Orsoa, S. Donatoa ,c, F. Fioria,c, L. Foàa,c, A. Giassia, M.T. Grippoa ,30,
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C. Nägeli41, P. Nef, F. Nessi-Tedaldi, F. Pandolfi, F. Pauss, M. Peruzzi, M. Quittnat, L. Rebane,
F.J. Ronga, M. Rossini, A. Starodumov42, M. Takahashi, K. Theofilatos, R. Wallny, H.A. Weber
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National Scientific Center, Kharkov Institute of Physics and Technology, Kharkov, Ukraine
L. Levchuk, P. Sorokin

University of Bristol, Bristol, United Kingdom
J.J. Brooke, E. Clement, D. Cussans, H. Flacher, R. Frazier, J. Goldstein, M. Grimes, G.P. Heath,
H.F. Heath, J. Jacob, L. Kreczko, C. Lucas, Z. Meng, D.M. Newbold54, S. Paramesvaran, A. Poll,
S. Senkin, V.J. Smith, T. Williams



34 A The CMS Collaboration

Rutherford Appleton Laboratory, Didcot, United Kingdom
K.W. Bell, A. Belyaev55, C. Brew, R.M. Brown, D.J.A. Cockerill, J.A. Coughlan, K. Harder,
S. Harper, J. Ilic, E. Olaiya, D. Petyt, C.H. Shepherd-Themistocleous, A. Thea, I.R. Tomalin,
W.J. Womersley, S.D. Worm

Imperial College, London, United Kingdom
M. Baber, R. Bainbridge, O. Buchmuller, D. Burton, D. Colling, N. Cripps, M. Cutajar,
P. Dauncey, G. Davies, M. Della Negra, W. Ferguson, J. Fulcher, D. Futyan, A. Gilbert,
A. Guneratne Bryer, G. Hall, Z. Hatherell, J. Hays, G. Iles, M. Jarvis, G. Karapostoli, M. Kenzie,
R. Lane, R. Lucas54, L. Lyons, A.-M. Magnan, J. Marrouche, B. Mathias, R. Nandi, J. Nash,
A. Nikitenko42, J. Pela, M. Pesaresi, K. Petridis, M. Pioppi56, D.M. Raymond, S. Rogerson,
A. Rose, C. Seez, P. Sharp†, A. Sparrow, A. Tapper, M. Vazquez Acosta, T. Virdee, S. Wakefield,
N. Wardle

Brunel University, Uxbridge, United Kingdom
J.E. Cole, P.R. Hobson, A. Khan, P. Kyberd, D. Leggat, D. Leslie, W. Martin, I.D. Reid,
P. Symonds, L. Teodorescu, M. Turner

Baylor University, Waco, USA
J. Dittmann, K. Hatakeyama, A. Kasmi, H. Liu, T. Scarborough

The University of Alabama, Tuscaloosa, USA
O. Charaf, S.I. Cooper, C. Henderson, P. Rumerio

Boston University, Boston, USA
A. Avetisyan, T. Bose, C. Fantasia, A. Heister, P. Lawson, D. Lazic, C. Richardson, J. Rohlf,
D. Sperka, J. St. John, L. Sulak

Brown University, Providence, USA
J. Alimena, S. Bhattacharya, G. Christopher, D. Cutts, Z. Demiragli, A. Ferapontov,
A. Garabedian, U. Heintz, S. Jabeen, G. Kukartsev, E. Laird, G. Landsberg, M. Luk, M. Narain,
M. Segala, T. Sinthuprasith, T. Speer, J. Swanson

University of California, Davis, Davis, USA
R. Breedon, G. Breto, M. Calderon De La Barca Sanchez, S. Chauhan, M. Chertok, J. Conway,
R. Conway, P.T. Cox, R. Erbacher, M. Gardner, W. Ko, A. Kopecky, R. Lander, T. Miceli,
M. Mulhearn, D. Pellett, J. Pilot, F. Ricci-Tam, B. Rutherford, M. Searle, S. Shalhout, J. Smith,
M. Squires, M. Tripathi, S. Wilbur, R. Yohay

University of California, Los Angeles, USA
V. Andreev, D. Cline, R. Cousins, S. Erhan, P. Everaerts, C. Farrell, M. Felcini, J. Hauser,
M. Ignatenko, C. Jarvis, G. Rakness, E. Takasugi, V. Valuev, M. Weber

University of California, Riverside, Riverside, USA
J. Babb, R. Clare, J. Ellison, J.W. Gary, G. Hanson, J. Heilman, P. Jandir, F. Lacroix, H. Liu,
O.R. Long, A. Luthra, M. Malberti, H. Nguyen, A. Shrinivas, J. Sturdy, S. Sumowidagdo,
S. Wimpenny

University of California, San Diego, La Jolla, USA
W. Andrews, J.G. Branson, G.B. Cerati, S. Cittolin, R.T. D’Agnolo, D. Evans, A. Holzner,
R. Kelley, D. Kovalskyi, M. Lebourgeois, J. Letts, I. Macneill, S. Padhi, C. Palmer, M. Pieri,
M. Sani, V. Sharma, S. Simon, E. Sudano, M. Tadel, Y. Tu, A. Vartak, S. Wasserbaech57,
F. Würthwein, A. Yagil, J. Yoo



35

University of California, Santa Barbara, Santa Barbara, USA
D. Barge, J. Bradmiller-Feld, C. Campagnari, T. Danielson, A. Dishaw, K. Flowers, M. Franco
Sevilla, P. Geffert, C. George, F. Golf, J. Incandela, C. Justus, R. Magaña Villalba, N. Mccoll,
V. Pavlunin, J. Richman, R. Rossin, D. Stuart, W. To, C. West

California Institute of Technology, Pasadena, USA
A. Apresyan, A. Bornheim, J. Bunn, Y. Chen, E. Di Marco, J. Duarte, D. Kcira, A. Mott,
H.B. Newman, C. Pena, C. Rogan, M. Spiropulu, V. Timciuc, R. Wilkinson, S. Xie, R.Y. Zhu

Carnegie Mellon University, Pittsburgh, USA
V. Azzolini, A. Calamba, R. Carroll, T. Ferguson, Y. Iiyama, D.W. Jang, M. Paulini, J. Russ,
H. Vogel, I. Vorobiev

University of Colorado at Boulder, Boulder, USA
J.P. Cumalat, B.R. Drell, W.T. Ford, A. Gaz, E. Luiggi Lopez, U. Nauenberg, J.G. Smith,
K. Stenson, K.A. Ulmer, S.R. Wagner

Cornell University, Ithaca, USA
J. Alexander, A. Chatterjee, J. Chu, N. Eggert, L.K. Gibbons, W. Hopkins, A. Khukhunaishvili,
B. Kreis, N. Mirman, G. Nicolas Kaufman, J.R. Patterson, A. Ryd, E. Salvati, W. Sun, W.D. Teo,
J. Thom, J. Thompson, J. Tucker, Y. Weng, L. Winstrom, P. Wittich

Fairfield University, Fairfield, USA
D. Winn

Fermi National Accelerator Laboratory, Batavia, USA
S. Abdullin, M. Albrow, J. Anderson, G. Apollinari, L.A.T. Bauerdick, A. Beretvas, J. Berryhill,
P.C. Bhat, K. Burkett, J.N. Butler, V. Chetluru, H.W.K. Cheung, F. Chlebana, S. Cihangir,
V.D. Elvira, I. Fisk, J. Freeman, Y. Gao, E. Gottschalk, L. Gray, D. Green, S. Grünendahl,
O. Gutsche, D. Hare, R.M. Harris, J. Hirschauer, B. Hooberman, S. Jindariani, M. Johnson,
U. Joshi, K. Kaadze, B. Klima, S. Kwan, J. Linacre, D. Lincoln, R. Lipton, T. Liu, J. Lykken,
K. Maeshima, J.M. Marraffino, V.I. Martinez Outschoorn, S. Maruyama, D. Mason, P. McBride,
K. Mishra, S. Mrenna, Y. Musienko35, S. Nahn, C. Newman-Holmes, V. O’Dell, O. Prokofyev,
N. Ratnikova, E. Sexton-Kennedy, S. Sharma, A. Soha, W.J. Spalding, L. Spiegel, L. Taylor,
S. Tkaczyk, N.V. Tran, L. Uplegger, E.W. Vaandering, R. Vidal, A. Whitbeck, J. Whitmore,
W. Wu, F. Yang, J.C. Yun

University of Florida, Gainesville, USA
D. Acosta, P. Avery, D. Bourilkov, T. Cheng, S. Das, M. De Gruttola, G.P. Di Giovanni,
D. Dobur, R.D. Field, M. Fisher, Y. Fu, I.K. Furic, J. Hugon, B. Kim, J. Konigsberg, A. Korytov,
A. Kropivnitskaya, T. Kypreos, J.F. Low, K. Matchev, P. Milenovic58, G. Mitselmakher, L. Muniz,
A. Rinkevicius, L. Shchutska, N. Skhirtladze, M. Snowball, J. Yelton, M. Zakaria

Florida International University, Miami, USA
V. Gaultney, S. Hewamanage, S. Linn, P. Markowitz, G. Martinez, J.L. Rodriguez

Florida State University, Tallahassee, USA
T. Adams, A. Askew, J. Bochenek, J. Chen, B. Diamond, J. Haas, S. Hagopian, V. Hagopian,
K.F. Johnson, H. Prosper, V. Veeraraghavan, M. Weinberg

Florida Institute of Technology, Melbourne, USA
M.M. Baarmand, B. Dorney, M. Hohlmann, H. Kalakhety, F. Yumiceva

University of Illinois at Chicago (UIC), Chicago, USA
M.R. Adams, L. Apanasevich, V.E. Bazterra, R.R. Betts, I. Bucinskaite, R. Cavanaugh,



36 A The CMS Collaboration

O. Evdokimov, L. Gauthier, C.E. Gerber, D.J. Hofman, S. Khalatyan, P. Kurt, D.H. Moon,
C. O’Brien, C. Silkworth, P. Turner, N. Varelas

The University of Iowa, Iowa City, USA
U. Akgun, E.A. Albayrak52, B. Bilki59, W. Clarida, K. Dilsiz, F. Duru, M. Haytmyradov, J.-
P. Merlo, H. Mermerkaya60, A. Mestvirishvili, A. Moeller, J. Nachtman, H. Ogul, Y. Onel,
F. Ozok52, A. Penzo, R. Rahmat, S. Sen, P. Tan, E. Tiras, J. Wetzel, T. Yetkin61, K. Yi

Johns Hopkins University, Baltimore, USA
B.A. Barnett, B. Blumenfeld, S. Bolognesi, D. Fehling, A.V. Gritsan, P. Maksimovic, C. Martin,
M. Swartz

The University of Kansas, Lawrence, USA
P. Baringer, A. Bean, G. Benelli, J. Gray, R.P. Kenny III, M. Murray, D. Noonan, S. Sanders,
J. Sekaric, R. Stringer, Q. Wang, J.S. Wood

Kansas State University, Manhattan, USA
A.F. Barfuss, I. Chakaberia, A. Ivanov, S. Khalil, M. Makouski, Y. Maravin, L.K. Saini,
S. Shrestha, I. Svintradze

Lawrence Livermore National Laboratory, Livermore, USA
J. Gronberg, D. Lange, F. Rebassoo, D. Wright

University of Maryland, College Park, USA
A. Baden, B. Calvert, S.C. Eno, J.A. Gomez, N.J. Hadley, R.G. Kellogg, T. Kolberg, Y. Lu,
M. Marionneau, A.C. Mignerey, K. Pedro, A. Skuja, J. Temple, M.B. Tonjes, S.C. Tonwar

Massachusetts Institute of Technology, Cambridge, USA
A. Apyan, R. Barbieri, G. Bauer, W. Busza, I.A. Cali, M. Chan, L. Di Matteo, V. Dutta, G. Gomez
Ceballos, M. Goncharov, D. Gulhan, M. Klute, Y.S. Lai, Y.-J. Lee, A. Levin, P.D. Luckey, T. Ma,
C. Paus, D. Ralph, C. Roland, G. Roland, G.S.F. Stephans, F. Stöckli, K. Sumorok, D. Velicanu,
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53: Also at Kahramanmaras Sütcü Imam University, Kahramanmaras, Turkey
54: Also at Rutherford Appleton Laboratory, Didcot, United Kingdom
55: Also at School of Physics and Astronomy, University of Southampton, Southampton,
United Kingdom
56: Also at INFN Sezione di Perugia; Università di Perugia, Perugia, Italy
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